A nonlinear optical study of Frenkel excitons in Langmuir-Blodgett films by Terpstra, Jacob et al.
  
 University of Groningen
A nonlinear optical study of Frenkel excitons in Langmuir-Blodgett films





IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
1991
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Terpstra, J., Fidder, H., & Wiersma, D. A. (1991). A nonlinear optical study of Frenkel excitons in Langmuir-
Blodgett films. Chemical Physics Letters, 179(4), 349-354. https://doi.org/10.1016/0009-2614(91)85165-S
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 12-11-2019
Volume 179, number 4 CHEMICAL PHYSICS LETTERS 26 April 1991 
A nonlinear optical study of Frenkel excitons 
in Langmuir-Blodgett films 
Jacob Terpstra, Henk Fidder and Douwe A. Wiersma 
Ultr&st Laser and Spectroscopy Laboratory, Department of Chemistry, University of Groningen, 
Nijenborgh 16, 9747 AC Groningen, The Netherlands 
Received 3 January 1991; in final form 7 February I99 I 
We report results of a nonlinear optical investigation of the J-band of pseudoisocyanine iodide in a Langmuir-Blodgett film. 
The spectral narrowing of the fluorescence compared to the absorption spectrum at 77 K is ascribed to exciton reIaxation in a 
disordered band. Resonance Rayleigh scattering and accumulated photon-echo experiments show that the exciton dephasing rate 
increases rapidly at energies above the renormalized band edge. This effect is linked to a change in localization of the excitons. At 
I .5 K, the system’s disorder is found to be larger, which leads to greater localization of the excitons. Monte Carlo calculation of 
the J-band’s line shape at several temperatures supports the interpretation given. 
1. Introduction 
The possibility of using molecular materials in op- 
tical devices has greatly stimulated nonl@ear optical 
research of thin organic films [ 1,2 1. In this branch 
of science, sometimes designated as molecular elec- 
tronics, the emphasis is on the design of molecules 
and polymers for special purposes, as information 
storage or frequency doubling, and on the fabrica- 
tion and testing of thin films of these materials. These 
films are usually made by epitaxial growth [ 3 ] or by 
using the Langmuir-Blodgett (LB) technique [4,5]. 
While much of the ongoing research concerns the 
measurement and optimization of macroscopic op- 
tical parameters, there is a definite need for detailed 
understanding of the underlying microscopic phe- 
nomena. Grasp of the optical dynamics of the states 
that resonantly enhance the measured optical effects 
seems to be especially crucial for further optimiza- 
tion of these photonic materials. 
We have recently initiated [6-91 a nonlinear op- 
tical investigation of aggregates in glasses and thin 
films. Pioneering work on LB films, using classical 
spectroscopic methods, has previously been done by 
MGbius and Kuhn [ 4,101. From a study of the ef- 
ficiency of energy transfer between monolayers of 
different J-aggregates, they concluded that the exci- 
tation is delocalized over a certain domain. They 
showed further that the size of the domain depends 
on the temperature, and that the excitation propa- 
gates over large distances on the film. Direct support 
for the suggestion that aggregate excitations are de- 
localized was recently provided by fluorescence-life- 
time measurements on aggregates of pseudoisocy- 
anine bromide (PIGBr) in a glass [8]. These 
measurements showed that at low temperatures 
( K 50 K), the radiative lifetime of the aggregate’s x- 
cited state is about 70 ps resulting from cooperative 
emission of about 100 molecules. Theoretical [ 1 l- 
141 and experimental [ 6-91 studies of this super- 
radiant behaviour showed that the coherence volume 
of the exciton is limited by disorder at low temper- 
ature and by exciton-phonon scattering at higher 
temperatures. Recent Monte Carlo calculations ofthe 
PIC system demonstrated that the J-band in these 
aggregates can be described as a transition to a one- 
dimensional disordered Frenkel exciton band [ 13 1. 
Earlier Monte Carlo calculations by Schreiber and 
Toyozawa [ 14 1 indicated that for excitonic systems 
of all dimensions, tates near the bottom of the band 
are pseudo-localized, carrying giant oscillator 
strength. They also showed that the Urbach absorp- 
tion tail can be used as a probe for the strength of 
the electron-phonon coupling and for the dimen- 
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sionality of the system. Inoue [ 151 was the first to 
use these findings to characterize the exciton-phonon 
interaction in LB films of a merocyanine dye. 
In this Letter, we report the first results of a non- 
linear optical study and Monte Carlo calculation of 
exciton dynamics in a PIC LB film. Results of res- 
onance Rayleigh scattering, picosecond photon-echo 
and fluorescence measurements will be presented and 
discussed. The use of resonance Rayleigh scattering 
and photon echo for the study of exciton dynamics 
in an LB film presents a novelty. Our experiments 
clearly show that disorder in the film has a substan- 
tial effect on the exciton dynamics and that excitons 
below the renormalized band edge are more local- 
ized than above this edge. Monte Carlo calculation 
of the band structure and line shape of these aggre- 
gates hows that the line shape is little affected but 
the exciton’s coherence volume is substantially af- 
fected by interchain interactions. The observed non- 
exponentially of the fluorescence decay at all tem- 
peratures is attributed to a combination of exciton 
transport and radiative decay. 
2. Experimental 
Pseudoisocyanine iodide (PIC-I) was obtained 
from Kodak and used without further purification. 
LB films or PIC-I were made using the adsorption 
method [ 51. Doubly distilled water was used for the 
subphase (pH 8, T=2O”C) in which PIC-I was dis- 
solved at a concentration of 1 0m4 M. After drop-wise 
addition of a 1.5x 10e3 M solution of arachidic acid 
in chloroform, a PIC layer is formed by adsorption 
to the arachidic acid monolayer. Hereafter, the two 
layers were transferred at a ratio of about one to hy 
drophobic glass slides at a pressure of 30 mN/m*. 
The glass lides had been made hydrophobic by cov- 
ering them with live monolayers of arachidic acid. 
Resonance-Rayleigh-scattering (RRS) experi- 
ments on PIC-I in a bilayer LB film were performed 
with a synchronously pumped picosecond ye laser 
using sodium fluorescein or rhodaminedG as a las- 
ing dye. The Rayleigh scattering was collected at right 
angles with respect to the exciting beam and detected 
using a Spex 1402 double monochromator equipped 
with a RCA C3 1034A-02 single-photon counting tube 
or an amplified OMA system (Princeton Instru- 
350 
ments) with a Spex 1877 triple-mate monochrom- 
ator. Excitation intensities of less than IO* photons 
per pulse cm-’ were used. Fluorescence-lifetime 
measurements were performed with a single-photon 
counting system having a system response of 35 ps. 
The cavity dump rate was 94 kHz and the excitation 
wavelength was 565 nm. Intensity-dependent mea- 
surements were performed on the double-layer PIC 
samples at temperatures ranging from 1.5 to 298 K. 
These measurements show no intensity dependence 
with excitation densities ranging from 5X IO9 to 
1.5 x 10” photons/pulse cmp2. In most measure- 
ments, an excitation density of about 10” photons/ 
pulse cm-* was used. Accumulated picosecond pho- 
ton-echo experiments, using stochastic excitation 
with a bandwidth of about 3 nm, were performed as 
described in ref. [ 61. The results obtained were in- 
dependent of the excitation intensities used, in the 
range of 1.5~10” to 13x10” photons per pulse 
cm-‘. 
Monte Carlo calculations were performed as de- 
scribed elsewhere [ 13 1. 
3. Results and discussion 
Fig. 1 shows the absorption and emission spectra 
of a bilayer of PIC-I in the vicinity of the J-band at 
77 K. Around 520 nm, another much weaker band 
0.5 , 
2 
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Fig. 1. Absorption (-) and emission (---) spectra of a bilayer 
LB film of PIC-I in the vicinity of the J-band at 77 K. The fluo- 
rescence xcitation wavelength was 5 14.5 nm. The dotted curve 
presents the calculated absorption spectrum based on eq. ( 1) and 
parameters given in the text. 
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is observed in the absorption spectrum, which is at- 
tributed to remnant monomer absorption. The most 
noteworthy feature of fig. 1 is that it shows that the 
emission spectrum is narrowed and red-shifted com- 
pared to the absorption spectrum. Following our ear- 
lier work on aggregates of PIC-Br in a glass [ 13 1, we 
interpret this red-shifted emission spectrum in terms 
of exciton emission from a disordered band. The 
narrowing of the emission arises from a competition 
between exciton relaxation and radiative decay and 
the apparent red-shift of the emission spectrum is due 
to the fact that emission mainly occurs from states 
near the bottom of the exciton band. 
For a better understanding of exciton dynamics in 
disordered systems, we need to present some theo- 
retical background: The effects of disorder on the ex- 
citon dynamics has been dealt with by many re- 
searchers either by using a perturbational approach 
[ 11,16,17 ] or by numerical Monte Carlo calcula- 
tions [ 141. The Hamiltonian that describes the ex- 
citon dynamics in the presence of disorder, but in 
the absence of phonons, has the following form 
[ 11,16-181: 
He,= c ((e>+Dn)a,f&l+ c J,“&&. (1) 
n m,n 
In eq. ( 1 ), a+ (a) creates (annihilates) an electronic 
excitation of energy ( (E) +D,,) at site n. D, repre- 
sents the inhomogeneous shift from the average mo- 
lecular excitation energy (E). J,, designates the di- 
polar coupling between molecules m and n. 
Note that for. D,= 0, eq. ( 1) is the Hamiltonian 
for a homogeneous Frenkel, exciton. The presence of 
disorder leads to renormalized excitonic states, whose 
coherence volume critically depends on the ratio K 
of the spread in disorder energies (0) and the near- 
est-neighbour coupling term (Ji2). It has been shown 
that the Hamiltonian in eq. ( 1) leads, for excitonic 
systems of all dimensions, to the following effects: 
( 1) A shift of the exciton band edge to lower en- 
ergy, depending on D and JIZ. Following Schreiber 
and Toyozawa [ 14 1, we shall refer to this shifted ex- 
citon band edge as a renormaiized band edge. 
(2) The presence of states below the renormalized 
band edge carrying giant oscillator strength, which 
are more localized than states above this edge [ 141. 
In absence of dephasing, these pseudo-localized states 
below the band edge are superradiant. 
(3 ) An asymmetric excitonic line shape with a 
high-energy side that can be described by a Loren- 
tzian [ 171. 
(4) A steeply descending Urbach-tail (low-energy 
side of the absorption line shape), from which in- 
formation on the exciton-phonon coupling strength 
can be obtained [ 141. 
We note that in the calculations leading to the 
above results, it has been assumed that the dipole- 
allowed level is at the bottom of the band for the ho- 
mogeneous system. 
We now return to a discussion of the spectra shown 
in fig. 1 and note that the high-energy wing of the 
absorption spectrum indeed fits nicely to a Loren- 
tzian, with a half-width of 120 cm- ‘. Via a pertur- 
bational approach to the exciton’s line shape, this 
width may be attributed to disorder-induced “scat- 
tering” of the homogeneous dipole-allowed exciton 
across the exciton band. We emphasize that the 22 
fs time-constant associated with this effect should not 
be attributed to exciton-phonon scattering. More in- 
sight into the physics of the Lorentzian tail is ob- 
tained from numerical calculations based on a linear 
exciton model with random Gaussian disorder. In 
these Monte Carlo calculations, the site transition 
dipole was assumed to be aligned along the chain axis. 
The dotted curve in fig. 1 corresponds to the ab- 
sorption spectrum calculated with a value of K for 
the ratio of D/J12 of 0.42. The red-shift of the re- 
normalized band edge was calculated to be 70 cm- ‘. 
Fig. 2 shows the frequency dependence of the Ray- 
leigh intensity for near-resonance excitation of PIC- 
I in a bilayer at 77 K. For comparison, the absorp- 
tion spectrum at this temperature is also displayed. 
Hegarty et al. [ 191 were the first ones to show that 
for inhomogeneously broadened excitonic transi- 
tions in quantum well structures, the resonance Ray- 
leigh scattering can be very intense. The large effr- 
ciency of this effect was attributed to spatial 
fluctuations in the refractive index, caused by the fact 
that excitons from different regions in the sample ab- 
sorb at the same frequency, while strong dispersion 
exists near the excitonic transition. We conclude that 
the same physics applies to excitons in molecular 
aggregates. 
In case the homogeneous width is much less than 
the inhomogeneous width, the intensity of the Ray- 
leigh scattering can be expressed as 
351 
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Fig. 2. Comparison between the absorption spectrum (-), the 
frequency dependence of the resonance-Rayleigh-scattering in- 
tensity (0). and the quantity [I -exp( -2c~(w)d)]$(w) 
(---) for a bilayer ofPIC-I at 77 K. 
z,,(w)ccK[1-exP(-2a(o)d)l~Z(o)Tz(w) 
(2) 
Here, LY (w ) is the absorption coefficient, d the sam- 
ple thickness, ,u( w) and TZ( w) are the frequency-de- 
pendent transition moment and dephasing time con- 
stant, respectively, and K is a constant. 
Eq. (2) shows that the Rayleigh scattering can be 
frequency dependent either by the transition mo- 
ment or the dephasing time constant. The result of 
a numerical calculation of the quantity [ l- 
exp( -2a (w)d) ]p* (w) for the J-band in the PIC bi- 
layer is also presented in fig. 2. From this figure, we 
conclude that the collapse of the Rayleigh intensity 
on the high-energy side of the spectrum is mainly 
caused by a shortening of the dephasing time con- 
stant T, in this energy region. Excitons above the re- 
normalized band edge thus dephase much faster than 
those below the edge. Comparison of figs. 1 and 2 
also shows that the frequency dependence of the 
Rayleigh scattering looks like the fluorescence spec- 
trum at 77 K. Because the fluorescence spectrum re- 
sults from a competition between intraband exciton 
relaxation and radiative decay, the correspondence 
between the fluorescence and Rayleigh-scattering 
spectra t 77 K suggests hat, at this temperature, op- 
tical &&sing ( T2 (co) ) is dominated by population 
relaxation. An important conclusion we may draw 
then is that excitons below the renormalized band 
edge are more localized than excitons above this edge. 
Fig. 3 shows the low-temperature absorption, 
emission and Rayleigh-scattering i tensity spectrum 
of the PIGbilayer. From an inspection of figs. 1 and 
3, we infer that the absorption spectrum at 1 S K is 
substantially broader than at 77 K. We conclude that 
the disorder in the aggregate is larger at low tem- 
perature. Monte Carlo simulation of the line shape 
shows that a reasonable fit can be obtained for a K 
of 0.58. From the fact that upon warming the sample 
from 1.5 K to room temperature and cooling to 77 
K, the absorption spectrum regains nearly its origi- 
nal line shape at this temperature, we suggest that 
the increased isorder at 1.5 K is due to a difference 
in expansion coefficient of the film and the sub- 
strate. Further, note that the resonance Rayleigh in- 
tensity spectrum at 1.5 K is much broader than at 77 
K. The conclusion is that the larger disorder at 1.5 
K causes the excitons to be more localized at 1.5 K 
than at 77 K. Numerical calculations confirm this 
idea and will be published elsewhere. Fig. 3 also 
shows that at 1.5 K, the emission spectrum is red- 
shifted compared to the resonance Rayleigh inten- 
sity spectrum. 
To obtain quantitative information regarding the 
exciton dynamics, we performed accumulated pho- 
ton-echo experiments at 1.5 K. The results of these 
experiments atthree different wavelengths are shown 
in fig. 4. Single-exponential fits to these decays yield 
photon-echo lifetimes ( fT2) of 3.2kO.2 ps (582.5 
nm), 2.2kO.2 ps (578.5 nm) and l.Of0.2 ps (576 
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Fig. 3. Absorption (-) and emission (---) spectra and fre- 
quency dependence of the resonance-Rayleigh-scattering inten- 
sity (0 ) of a bilayer of PIC-I at 1.5 K. 
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Fig. 4. Accumulated photon-echo decays at 1.5 K from a bilayer Fig. 5. Wavelength dependence ofthe fluorescence decay of a bi- 
ofPIC-1 at excitation wavelengths: 582.5 nm (-), 578.5 nm (.‘.) layer LB film of PIC-I at 1.5 K. The decay times (initial height )
and 576.0 nm (---). The corresponding decay times are given of the fast component of the deconvoluted ecay curves are 9 ps 
in the text. The signal at l=O caused by interference ofpump and (0.96) at 574nm (-); 11 ps (0.91) at 581 nm (---); 14~s (0.89) 
probe scattered light has been omitted. The peak at r=O is the at 584nm (---) and21 ps (0.81) at 589 nm (----). Thedotted 
field autocorrelation ofthe stochastic excitation pulses. curve represents he instrument response. 
at delay times over 4 ps for 576 nm excitation is due 
to an underlying incoherent pump-probe signal. 
These results confirm the conclusion of the Ray- 
leigh-scattering experiments that T, decreases rap- 
idly above the band edge. At 77 K, photon-echo 
measurements were possible at the absorption peak 
only and gave a decay time of 500 fs. These data in 
combination with the measured frequency depen- 
dence of the Rayleigh scattering can be used to ob- 
tain T2 (a) over the whole spectrum. It seems worth 
mentioning that this is the first report of any photon 
echo generated in an LB film. 
Finally, we show in fig. 5 some deconvoluted flu- 
orescence-decay curves at 1.5 K, detected at differ- 
ent emission wavelengths. The decays are nonex- 
ponentiai and to obtain a good fit, at least three 
different exponentials are needed. From these tits, 
the initial decays are found to change from 2 1 ps to 
9 ps for detection at 589 nm and 574 nm, respec- 
tively. We notice that the 21 ps initial decay, which 
is presumed to be dominated by radiative decay [ 20 1, 
is about a factor of three shorter than was observed 
for the J-band of PIC-Br in a glass. Lifetime mea- 
surements on the PIG-bilayer have further shown that 
the initial decay of the fluorescence ismuch faster at 
77 K than at 1.5 K. Relative fluorescence quantum- 
yield measurements indicate that this feature is 
caused by a lowering of the quantum yield with ris- 
ing temperature. The time-resolved emission spectra 
5.0 







in these LB films are clearly determined by both ra- 
diative and radiationless decay of the excitons. How- 
ever, more work needs to be done to obtain a full un- 
derstanding of the exciton dynamics in LB films. 
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